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Abstract  
 
This  research  reviews  existing  climate  change  literature  and  quantifies  the  climate  change 
mitigation and adaptation potential of specific agricultural forestry diversification activities at 
the regional level. It comprises modelling of net emission reductions and discounted market 
values for six agroforestry carbon sequestration projects. The research aim was to describe a 
simple method of enabling private agricultural entities and governments to compare alternative 
investment  options  for  both  climate  change  mitigation  and  adaptation  with  limited  data 
availability.  The  forestry  sequestration  project  examples  for  the  higher  rainfall  regions  of 
Western Australia show large differences in total discounted project costs over time. These costs 
were highly dependent on the project financing arrangements, while the tree species selection, 
and the previous land use were primary determinants of the biomass growth and the total carbon 
sequestered. The results indicate that the most productive agricultural lands in the region might 
be permanently retired from food production and replaced by single species tree plantations, 
although the viability of this option is dependent on future carbon market eligibility rules and 
carbon values. 
 
 
Introduction 
Developing successful regional strategies to confront climate change will require analyses of 
both  the  complex  synergies  and  competition  for  land-use  between  forestry,  and  other  uses, 
including the various final use of the forestry resource itself [1]. However, information on the 
interdependent relationships  between  forestry adaptation and  mitigation at regional levels is 
often  inadequate  [2],  especially  when  considering  costs  vary  by  region,  land  type,  land 
availability,  site  preparation,  labour,  and  the  opportunity  cost.  The  integration  of  scientific 2 
 
knowledge and practical techniques with socio-economic and political approaches will become 
more  significant over time  for adaptation and  mitigation  options in  the  forestry-agricultural 
interface [1], especially in relation to energy and food security.  
 
Agroforestry  is  the  production  of  human  or  livestock  food  pasture  or  cereal  crops  (etc.), 
alongside  the  production  trees  for  timber,  firewood,  food/feed,  or  other  benefits,  including 
windbreaks, riparian zones, and buffer strips, etc. [3]. Therefore, agroforestry is a complex array 
of location-specific, and species-dependent activities, and requires customisation to particular 
agricultural production systems to enhance overall farm productivity [1]. Agroforestry systems 
are increasingly being assessed for the potential to be utilised for carbon sequestration, and as a 
climate change impact adaptation measures. However, the interaction between climate change 
mitigation  and  adaptation  in  the  agricultural  sector  differs  in  its  spatial  and  geographic 
characteristics relative to many other sectors [3]. This is especially important in the complex 
physical and biological interface in geographical space between forestry and food systems. For 
example,  farm-integrated  agroforestry  activities  may  provide  positive  biodiversity  outcomes 
relative to industrial single species plantations by using designs that incorporate non-timber and 
ecological service benefits, and not simply the optimisation of timber production [1]. However, 
the markets or incentives to support these intrinsically complex non-commodity activities are 
generally insufficient to result in wide-scale land use change. To reduce the complexity of this 
analysis,  this  work  simply  focuses  on  the  potential  of  non-integrated  areas  of  permanently 
planted trees for carbon sequestration re-afforestation purposes, rather than the specific costs, 
benefits, and optimisation of the forestry-food interface at the farm-scale. 
 
Global climate change will undoubtedly impact the agroforestry sector directly (such as changes 
in growth and decomposition rates, land use patterns, the area, type and intensity of natural 
disturbances, and other ecological processes), although there is medium uncertainty regarding 
the magnitude and direction of such changes at the regional scale [1]. To avoid the complexity 
of assumptions and scenarios, particularly regarding changes in growth and decomposition rates, 
the 15 year modelled forestry investment scenarios simply extrapolate relatively recent forestry 
growth rates in the region. The results over the 15 year interval can be simply be converted into 
an equivalent carbon price (AUD tCO2-e
-1). This approximates the average minimum carbon 
price required to recoup (either the discounted or undiscounted) costs of establishment, and 
maintenance,  and  opportunity  costs  of  the  forestry  investment.  This  method  enables 
agriculturalists to determine their own level of risk and return that they are willing to accept 
when entering into forestry mitigation markets. The economic modelling in this research seeks 
to further avoid the introduction of further uncertainties by simply using common forestry land 
rents for the higher rainfall areas in the SW of WA as an opportunity cost. This work also differs 3 
 
to  most previous studies  as  it  models a projected  market  adaptation potential (NPC) and a 
market mitigation potential (tCO2-e) of the activity over 15 years, rather than annually. Many 
economic analyses exist for the potential profitability of “farming carbon” on agricultural lands 
which have a range of scenarios and baselines for their value calculations. These often include a 
range of specific activity returns, associated commodity prices, capital costs, and selected carbon 
values. The use of relatively inflexible assumptions and economic value baselines renders each 
scenario  redundant  when  highly  sensitive  values  change.  For  example,  carbon  prices  are 
generally assumed to be constant over several decades, which is an implausible supposition 
when considering existing carbon market price fluctuations. This analysis simply approximates 
the discounted cost component and the biomass growth of various projects over time with the 
reader able to clearly determine their own level of cost and risk.  Nonetheless, this analysis by 
necessity has also simplified assumptions, and ignores the impact of any laws preventing the 
removal  of  the  forestry  stand,  consequences  arising  from  the  removal  of  the  carbon  rights 
associated with the stand, or any impact on total farm value. The analysis also ignores physical 
productivity loss of the stand due to fire, disease, pests, or drought (etc.), and simplistically 
assumes insurance will cater for these contingencies financially.  
 
In terms of both tree growth and carbon sequestration, understanding the physical characteristics 
of the soils and the environmental conditions in the region where the tree stand is located are 
crucial to generating an accurate growth projection over time. In southern regions of Australia, 
the soil water holding capacity and rainfall over summer and autumn (December to May), often 
determines both growth rate and survival of trees [4]. In addition, soil types, soil texture, local 
topography, annual water availability, species selection, stand age, and environmental exposure 
of trees all can influence tree stand physical characteristics [5]. For example, open-spaced trees 
are subject to greater mechanical wind stress and respond by increasing the thickness of stems, 
branches, and to a greater extent in the root system, relative to closely spaced trees [6]. While 
the proportion of total tree biomass in roots is generally between 30 and 50% of aboveground 
biomass  [5],  this  generally  decreases  as  the  trees  age.  This  decrease  is  generally  more 
pronounced  with  open-spaced  trees  than  close-spaced  trees  [6].  Therefore,  determining  tree 
physical  characteristics  to  a  high  precision  requires  on-site  verification  sampling  to  refine 
estimations, especially with respect to belowground biomass. In practice, belowground biomass 
is often estimated using “root-to-shoot” (RS) ratios derived from existing data, or the removal of 
a representative sample of trees known as “destructive sampling”. These samples are used to 
generate RS ratios that are used to approximate the relative ratios of above and below biomass 
for the entire stand [7-10].  
 4 
 
The common practice of using easily measured tree characteristics to estimate tree biomass is 
known as allometry. Thousands of allometric equations for individual species in specific areas 
have been developed using slightly different methods [8, 9, 11-13].  Relatively few allometric 
equations are required to adequately describe the aboveground biomass of  some  vegetation 
types, especially where one or two species dominate site basal area (the cross sectional area of 
trees in a forest in m
2 ha
-1) [8, 9]. Unfortunately, there are issues with the use of allometry and 
the currently available set of equations. These include that problem that allometric equations 
only apply to the forest stand where they were derived, and may be unsuitable outside of the tree 
size class and region of which they were obtained [9, 14]. The ability to amalgamate several 
allometric equations is severely restricted by a lack of standardised allometric mathematical 
forms, differences in independent variables, and the lack of statistical information from original 
data [8]. Therefore, the appropriateness and availability of allometrics and RS ratios will likely 
determine  both  the  costs  and  the  accuracy  of  total  biomass  measurement  and  estimation. 
Australian native species are renowned for their high variability of RS ratios within and between 
forest types, which is attributable to species, age, soil, and various climatic conditions [9, 14]. 
This complexity is compounded by the relationship between above and belowground biomass 
from fires, coppicing, and seasonal variability [15]. For example, temporal variations in fine root 
biomass for Eucalyptus marginata (Jarrah) forests in WA can vary up to four-fold between 
summer and winter months. This is approximately 20% of the total root biomass [15, 16]. RS 
ratios used in this analysis were derived from published peer-reviewed literature, specific to the 
species modelled.  
 
This  research  avoids  overly-complex  growth  models  by  selecting  published  peer-reviewed 
literature derived from recorded Australian native tree stand destructive samples. Unfortunately, 
much of the published recorded tree growth data only gives details of aboveground data. To 
enable  the  quantification  of  the  carbon  content  of  the  entire  tree,  this  work  required  the 
introduction of both RS ratios and also carbon ratios. Once the total above and belowground 
biomass of a tree or area is approximated, these estimates are converted to carbon by applying 
carbon  factors.  Carbon  factors  turn  out  to  be  remarkably  consistent  between  species  [10]. 
Australian research by Gifford (2000b) found that overall carbon contents of all tree tissues and 
species was approximately 50% of the dry weight, while leaves exhibit slightly higher carbon 
content of 52.8%, and leaf litter carbon content was 54.3%. Gifford recommended a value of 
50±2%  be  used  for  when  a  single  %C  value  is  required  to  represent  all  dry  aboveground 
components of all species. When leaves are analysed separately, a value of 53% ± 2% was 
recommended, and for Australian native species, a value of 50% ± 2% for woody components 
was deemed appropriate. Deep wood near the centre of the trunk exhibited around 2% higher 
carbon contents than sapwood due to lower mineral contents [17]. Gifford (2000a) obtained an 5 
 
average value for the carbon content of coarse wood root of 49±1% of dry weight, based on an 
analysis of 23 species. The range of these 23 species was 46.7 to 51.2% of dry weight. When a 
single figure is required that represents the carbon content of all woody components, both above 
and belowground (including branches and coarse roots), a figure of 49±2% is suggested [18]. 
This research used a carbon factor of 49% to approximate carbon density for the sum of the 
above and belowground tree biomass. 
 
 
A 50 Ha Pasture-to-Tree Forestry Project 
Forestry carbon sequestration is known to be relatively more profitable in the higher rainfall 
regions of WA, despite higher opportunity costs of competing with the higher productivity of 
conventional agricultural production [19]. To refine the magnitude of the market adaptation and 
market mitigation potential of forestry activities in the SW of WA, this work focussed on areas 
with high forestry productivity. Peer-reviewed and published literature was collated to provide 
six tree growth primary datasets for the 15 year scenario projections in areas of high rainfall in 
the SW of WA. The six resulting scenarios are described as “K11”, “M15.5”, “BR8”, “BG8”, 
“C7.5”,  and  “S7.5”,  and  present  two  additional  older  plantations  “J60”  and  “K36”,  as  a 
comparison between species, stand age, and local regions (Table 2).  
 
The data for the J60 tree stand - a 60 year old Eucalyptus marginata (Jarrah) stand - was derived 
from research by Hingston et al. (1981). The J60 tree stand was located at the eastern side of 
Banksiadale Road, 1.5 km northeast of Dwellingup, 100 km south of Perth. The soil was a 
lateritic sandy gravel soil (podzol) [20], and the area receives an average 1,250 mm of annual 
rainfall. The K36 and K11 stand data were derived from a 36 and 11 year old Eucalyptus 
diversicolor (Karri) tree stands, respectively. The stand data were derived from Grove et al. 
(1985). The K11 stand location was Pink Creek Road, 26 km northwest of Pemberton, grown in 
a lateritic red earth ferralsol, often called “Karri soil” or “Karri loam”. The K36 stand was 
located 6 km northwest of Pemberton at Big Brook Dam Forest, in a very similar soil type. The 
tree density of the K11 stand was a relatively high 5,236 stems ha
-1, while the older K36 stand 
was  440  stems  ha
-1  at  the  time  of  the  1985  study.  No  stand  preparation  information  was 
documented. Both Karri stands received an annual average rainfall of around 1,250 mm. The 
M15.5 tree stand was a 15.5 year old mix of Corymbia maculata (Spotted gum), Corymbia 
calophylla (Marri), and Eucalyptus megacarpa (Bullich), grown in a rehabilitated bauxite mine 
known as  “Del Park” in Dwellingup, relatively close to the J60 tree stand. The trees were 
planted at 4 m × 4 m spacing, the equivalent of 625 trees ha
-1, into deep-ripped (1.3 m) replaced 
topsoil after mining. The trees received a total of 200 g of mono-ammonium phosphate (MAP) 6 
 
fertiliser in the first two months, in addition to a general stand application at 150 kg ha
-1. The 
data were derived from Ward et al. (1996). The BR8 tree stand was located on farmland in 
Manjimup with relatively fertile Karri soils (red earth ferralsol). The area receives an average 
annual rainfall of around 1,100 mm. The stand was the first rotation of a Eucalyptus globulus 
(Blue  gum)  stand  planted  at  a  spacing  of  4  m  ×  2  m  (1250  trees  ha
-1)  into  fertilised  and 
cultivated  agricultural  soil.  The  stand  was  harvested  at  8  years  of  age.  The  Manjimup  site 
represents the upper range of plantation production in WA [21]. The BG8 stand of E. globulus 
was planted in Busselton and was also harvested at 8 years of age. The growth of the BG8 stand 
was lower at Busselton than the Manjimup BR8 stand, primarily due to lower soil fertility of 
Busselton’s grey sand over laterite (podzol) (Table 1). The area also receives less annual average 
rainfall, at around 825 mm. The data of both the BR8 and the BG8 stands were derived research 
undertaken by O'Connell et al. (1998, 1999).  
 
 
Table 1: Chemical properties of soils (0-10 cm) at the Manjimup and Busselton sites, compared 
to average Karri forest and agricultural soils. Source: [22]. 
 
 
The  inclusion  of  the  Manjimup  and  Busselton  datasets  enables  a  comparison  between  first 
rotations of the same species in two separate improved farmlands in the SW of WA. These two 
sites  were  selected  as  examples  of  very  high  and  medium  stand  productivity  for  the  most 
common high-growth forestry species grown in the region (E. globulus). Figure 1 shows a range 
of average of E. globulus plantation growth and age data for the high rainfall regions of SW of 
WA. The productivity of the BR8 stand was higher than the average aboveground biomass 
trends presented in Figure 1, whilst the BG8 stand productivity was slightly lower. The C7.5 
scenario  was  a  C.  calophylla  (Marri)  revegetation  stand  planted  in  an  ex-bauxite  mine  in 
Jarrahdale, 40 km SW of Perth. The site receives an average annual rainfall of 1,200 mm. After 
return of the top soil and deep ripping to around 1.5 m, a tree spacing of 4 m × 4 m (625 trees ha
-
1) was chosen. The area received 150 kg of MAP, and each tree was given a total of 200 g of 
MAP in the early years, prior to harvesting at 7.5 years of age. The S7.5 tree stand was an E. 
maculata  (Spotted  gum)  stand  planted  in  the  same  bauxite  mine,  and  received  identical 
treatments as the C7.5 stand prior to harvesting at 7.5 years of age. The data for the C7.5 and 7 
 
S7.5 stands were derived from Ward et al. (1985). The C. calophylla (Marri), E. megacarpa 
(Bullich), E. diversicolor, and E. maculata (Jarrah) were the only tree species in this analysis 
that were native to the region. Each tree stand biomass details are shown in Table 2. In the SW 
of WA, the first rotation growths of hardwood tree plantations are generally higher due to their 
establishment on improved agricultural lands with a history of P and N accumulation [22]. As a 
result, plantations established on farmlands usually grow three-to-four times faster relative to the 
same species grown on recently cleared native forest, or unimproved pasture/cropping land [21]. 
This tendency was clear from the high biomass yields from the two stands (BR8 and BG8) 
grown on improved farmland shown in Table 2. 
 
 
Figure 1: Relationship between total aboveground biomass (dry) and age for a range of E. 
globulus plantations in the SW of WA. Source: [23]. 
 
Tree stand  J60  K36  K11  M15.5  BR8  BG8  C7.5  S7.5 
Leaf  -  -  -  5.4  21.5  13.0  2.5  3.7 
Branch  -  -  -  7.1  59.6  18.3  3.8  2.9 
Stemwood  148.3  -  -  42.3  194.0  67.0  17.7  20.7 
Total (dry t ha
-1)  206.3  223.2  43.5  54.6  275.1  98.3  24.0  27.2 
Estimated RS ratio (%)  30  30  35  35  30  35  35  35 
Carbon ratio (%)  49  49  49  49  49  49  49  49 
Total carbon (t ha
-1)  131  142  29  35  175  65  16  18 
Total harvest tCO2-e ha
-1  481  521  106  128  642  238  58  66 
Table 2: Calculated total harvest CO2-e ha
-1 for selected peer-reviewed published tree growth 
data in the SW of WA, using estimated RS ratios, and a carbon ratio of 49%. (Totals may not 
add due to rounding). The understorey and leaf litter biomass was excluded to focus on the 
biomass of the primary overstorey tree species). Sources: [20-26]. 
 8 
 
 
Technical Simulation Results 
Maximum biomass production occurs early in development of tree stands, especially in high-
density plantations [25]. The technical simulation model uses an accelerated biomass growth 
rate curve, iteratively matched to the biomass productivity of the six tree growth stand data used 
in this analysis. Similar studies and carbon accounting also use annually averaged idealised 
growth models, including the National Carbon Accounting Toolbox. The six tree stand growth 
projections over 15 years were derived from the actual growth rate data shown in Figure 2, 
Figure 3, Figure 4, Figure 5, Figure 6, and Figure 7. These results are compared in Figure 8 and 
Figure 9. The light grey shaded area shows the very high growth rates in the first years of the 
plantation, which is consistent with the peer-reviewed data collected and published by Hingston 
et al. (1981), Grove et al. (1985), Ward et al. (1985), Ward et al. (1996), O'Connell et al. (1998), 
Grierson et al. (1999), and O'Connell et al. (1999). 
 
 
Figure 2: The annual K11 stand growth rate (in the light grey area) and the annual total (in dark 
grey bars), over the 15 year projection. 
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Figure 3: The annual M15.5 stand growth rate (in the light grey area) and the annual total (in 
dark grey bars), over the 15 year modelled projection. 
 
 
 
Figure 4: The annual BR8 stand growth rate (in the light grey area) and the annual total (in dark 
grey bars), over the 15 year projection. 
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Figure 5: The annual BG8 stand growth rate (in the light grey area) and the annual total (in dark 
grey bars), over the 15 year modelled projection. 
 
 
 
Figure 6: The annual C7.5 stand growth rate (in the light grey area) and the annual total (in dark 
grey bars), over the 15 year modelled projection. 
 
 11 
 
 
Figure 7: The annual S7.5 stand growth rate (in the light grey area) and the annual total (in dark 
grey bars), over the 15 year projection. 
 
Figure  8  and  Figure  9  clearly  show  the  large  differences  in  productivity  for  each  stand 
projection. Note the earlier introduced maximum of growth for the BR8 stand model in Figure 4. 
This was introduced to reflect the interaction of the high tree density per ha and the high growth 
which would result in tree competition for limited nutrients, solar irradiance, and soil moisture. 
The  relatively  high  productivity  BG8  stand  model  did  not  include  the  introduced  earlier 
maximum growth rate, as the soil fertility levels in the stand were limiting their growth relative 
the BR8 stand [21]. All other modelled stand growth rate assumptions were identical to the BG8 
stand. 
 
 
Figure 8: All six annual modelled stand growth projections over the 15 years. 12 
 
 
 
Figure 9: The same six annual modelled stand growth projections as Figure 8, except with a 
modified ￿ axis scale to distinguish between each stand. 
 
 
Table 3 summarises the total projected growth results for each stand, and also shows the method 
of determining the market mitigation potential for each stand over the 15 years on a per ha basis. 
The consistent RS ratio and carbon factors are simplifications of what would occur in practice. 
However, these model assumptions are consistent with research undertaken by Snowdon et al. 
(2000), Gifford (2000a,b), and Richards et al. (2002). The total carbon  values per ha  were 
simply converted into carbon dioxide equivalents (CO2-e). 
 
Tree stand   K11  M15.5  BR8  BG8  C7.5  S7.5 
Modelled growth (dry t ha
-1)  54  53  346  164  46  50 
             
Estimated RS ratio (%)  30  30  30  30  30  30 
Carbon ratio (%)  49  49  49  49  49  49 
Total carbon (t ha
-1)  34  34  220  104  29  32 
Modelled potential (tCO2-e ha
-1)  126  124  808  383  107  116 
Table 3: Modelled total mitigation potential for each modelled stand 15 year projections, based 
on extrapolated published stand growth data in high-rainfall areas. 13 
 
 
Adaptation and Mitigation Model Results 
An identical market adaptation model for each of the six tree species scenarios in the carbon 
sequestration forestry projects was developed. This purposeful simplification assumes that all 
plantation  establishment  and  maintenance  activities  were  identical  to  enable  a  simple 
comparison, independent of the final use (i.e. additional labour costs for pruning some species 
for timber). The model did not calculate an annual mitigation component, as the mitigation data 
was derived from the simulations of total sequestered carbon over the 15 years, shown in Table 
3. Capital costs for all six scenarios were based on agricultural land rents for forestry plantations 
paid to land owners, and actual plantation establishment and maintenance costs in 2010. A land 
lease  of  AUD300  ha
-1  was  derived  from  an  average  of  the  Australian  National  University 
Forestry (2000) market report no. 13, detailing the forestry leases paid to agriculturalists in the 
SW of WA [27]. The values were adjusted to 2010 Australian dollars using the Reserve Bank of 
Australia’s “Inflation Calculator”, which calculates the change in costs by using the Consumer 
Price Index (CPI) data published by the Australian Bureau Statistics. Total change in cost was 
approximately 35% over the 10 years at an average annual inflation rate of 3.0% [28]. The 
annual modelled fertiliser, watering, spraying, verification, and general maintenance costs and 
schedules are summarised in Table 5, Table 4, and Table 6. The model included the cost of two 
generic fertiliser applications in year one and two of 200 kg ha
-1 each. The tree density at 
establishment was assumed to be 1,250 trees. This assumption does not impact the modelling of 
tree stand growth (as some of the scenarios included trees of higher and lower densities) and 
only averages the total stand establishment price. The insurance costs were included as part of 
the land lease, which is commonly inexpensive for rural lands in the SW of WA. The model 
assumes the insurance component of AUD20 ha
-1, which was calculated with the annual lease 
cost.     
 
The verification of carbon sequestration was modelled to occur only at establishment and in the 
final year. This simplified verification regime ignores many carbon market and national carbon 
accounting requirements for verification every five years. This simplification was introduced to 
only account for the market mitigation and market adaptation potential of the activity, rather 
than  follow  legal  or  administrative  procedures  that  are  highly  likely  to  change  in  scope, 
methodology and cost. The establishment verification activity in year zero was introduced to 
account for contractual legal and administrative costs of undertaking forestry mitigation projects 
at current prices. The final year verification activity was introduced to account for legal and 
administrative costs, but also included accounting activities to quantify the carbon sequestered in 
the biomass stand. It was assumed that costs for verification activities in 15 years time would be 14 
 
significantly less expensive. This was modelled as an equivalence of establishment and final 
year costs, noting the additional activities required to verify the total sequestered carbon in the 
tree stand in year 15. All other infrastructure, including water sources, roads, fences (etc.) were 
assumed to be available at zero cost. All costs were GST inclusive unless specified. Comparable 
research  by  Specht  and  West  (2003)  included  likely  costs  associated  with  a  tree  sampling 
verification  programme  of  the  type  required  for  carbon  markets  using  professional 
measurements teams. Achieving the required level of sequestration confidence on a 350 ha 
would require the assessment of around 150 tree plots and 80 soil sites. This was estimated at a 
cost of between USD5,000 and USD240 ha
-1, which also included the team’s accommodation 
costs [12]. However, the Australian Cooperative Research Centre for Greenhouse Accounting 
(2003)  used  a  cost  in  the  range  of  AUD12.50  ha
-1  per  analysis  [29,  30].  As  a  reasonable 
compromise,  this  model  assumed  AUD110  ha
-1  per  analysis  was  a  suitable  estimate  of 
verification cost for a plot of 50 ha in the SW of WA, a total of AUD5,500 per verification.  
 
The modelled projects included a total area of 50 ha, with three simplified adaptation scenarios. 
The first scenario “A”, incorporated a real discount rate of 8%, and a 3% inflation rate. Scenario 
A was designed to model a private investor establishing the 50 ha project, and paying all costs 
from existing savings and income (no borrowed funds). In this scenario, the NPC of the forestry 
stand over the 15 year investment was calculated and combined with each tree species stand 
projection’s  total  mitigation  potential.  This  enabled  quantification  (AUD  tCO2-e
-1)  of  the 
minimum market return required for the investor to recoup their initial investment in the 15 year 
project, from 100% of the mitigation potential value received up-front in the establishment year 
(Table  4).  Scenario  A  did  not  include  any  other  forestry  product  income  other  than 
sequestration, and any reductions or increases in productivity for other farm activities were 
outside the scope of these analyses.  
 
The  second  scenario  “B”,  was  designed  to  model  a  private  investor  establishing  the  50  ha 
project, paying all costs from borrowed funds at a 5% real interest rate, adjusted for inflation. In 
this scenario, the NPC of the forestry stand was also calculated and combined with each tree 
species stand projection’s total mitigation potential for the 15 year investment. This analysis 
determined the minimum market return required to recoup the initial investment in the 15 year 
project from borrowed funds, when 100% of the projected mitigation potential value was paid in 
the  final  year.  Scenario B also did not  include any other  forestry product income, or  farm 
productivity changes other than sequestration (Table 5). Both scenario A and B methods enable 
investors and landholder to assess the NPC of establishing forestry sequestration projects in 
higher rainfall areas of the SW of WA, using either their own equity, or equity borrowed from 
financial institutions. This analysis did not explore any annual payments to landholders from 15 
 
third parties due to the number and complexity of scenarios involved. However, this analysis 
still enables a simple comparison of offers from third party entities seeking to invest in forestry 
sequestration  plantations,  akin  to  plantation  companies.  The  inclusion  of  discounted  annual 
payment offers into the model will enable agriculturalists to determine the NPV or NPC of any 
offer for the projected total market mitigation potential for permanent plantations on their land.  
The third scenario “C”, was simply a NPC calculation of the impact of zero discount, zero 
interest, and zero inflation on the project to assist landowners to compare the NPC of receiving 
payment upfront at project establishment, against annual payments (Table 6). All three scenarios 
are summarised in Table 7. Figure 10 and Table 7 show the significant difference between the 
DCF and NPC between the 3 scenario assumptions that vary the cost of money. 
 
 
Figure 10: The DCF of each of the 3 scenarios “A”, “B”, and “C”, over 15 years. 16 
 
 
Table 4: The DCF results for the 50 ha forestry carbon sequestration project “A” over the 
15 year interval, with an 8% real discount rate. 17 
 
 
Table 5: The DCF results for the 50 ha forestry carbon sequestration project “B” over the 
15 year interval, with a real interest rate of 5%. 18 
 
 
Table 6: The DCF results for the 50 ha forestry carbon sequestration project “C” over the 
15 year interval, with a 0% discount, interest, and inflation rate for comparison. 19 
 
 
“A” NPC with a 8% real discount rate  AUD439,324 
“B” NPC with a 5% real interest rate   AUD967,054 
“C” NPC with no discount, interest, or inflation rate   AUD666,000 
Table 7: The modelled NPC of the three project scenarios. 
 
 
Table 8 shows the activity’s market adaptation and market mitigation potential in terms of a carbon 
price. It represents the minimum equivalent carbon price that the investor must recieve to recoup 
their investment for each of the six tree stand growth scenarios. The minimum equivalent carbon 
price was calculated for each investment scenario “A”, “B”, and “C” to show the influence of how 
the market adapation potential is impacted by the means the investor chooses to pay for project costs, 
and how income is received.  
  
50 ha tree stand over 15 years  K11  M15.5  BR8  BG8  C7.5  S7.5 
Modelled potential (tCO2-e)  6,305  6,188  40,400  19,149  5,371  5,838 
             
Equiv. C price (AUD tCO2-e
-1)             
“A” - 8% real discount rate  68.09  69.38  10.63  22.42  79.93  73.54 
“B” - 5% real interest rate  153.38  156.2 23.94  50.50  180.05  165.65 
“C” - no discount/interest/inflation  106.63  107.62  16.49  34.78  124.00  114.08 
Table 8: Modelled total mitigation potential for each species or mix of species, based on extrapolated 
existing plantation growth data in high-rainfall areas, projected over a 15 year rotation. 
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  Tree Stand (AUD t
-1) 
Carbon (AUD tCO2-e
-1)  BR8 “A”  BR8 “B”  BG8 “A” 
5  -  -  - 
10  -  -  - 
15  4.37  -  - 
20  9.37  -  - 
25  14.37  1.06  2.58 
30  19.37  6.06  7.28 
35  24.37  11.06  12.28 
40  29.37  16.06  17.28 
45  34.37  21.06  22.28 
50  39.37  26.06  27.28 
Table 9: Three of the potentially profitable “A” and “B” scenarios out of the potential twelve 
scenarios, based on the 15 year modelled total mitigation potential for each species or mix of species, 
in combination with a carbon price below AUD50. (The italicised numbers indicate when the carbon 
value of the forestry stand is greater than the average value of the land, based on a value of 
AUD10,000 ha
-1.) 
 
Table 8 shows clear differences between scenario A and B, against scenario C, which is essentially a 
simple payback model. The higher cost of money in scenario B through borrowing clearly increases 
the minimum required carbon price required to recoup costs relative to scenario A. Table 8 and Table 
9 demonstrate the difference between each tree stand species projection, and the comparatively large 
market  mitgiation  potential  projection  of  the  high-growth  E.  globulus  stands  (BR8  and  BG8) 
established on very high productivity improved farmlands in the SW of WA. The relatively low 
carbon value required to recoup project costs from the BR8 and BG8 stands in all A, B, and C 
scenarios shows that this investment would be more likely to occur in the region. The remaining 
projected  tree  species  stand  equivalent  carbon  price  (K11,  M15.5,  C7.5,  and  S7.5)  show  how 
“unattractive” the re-afforestation of relatively less productive or unimproved lands is to private 
entities in the higher rainfall region. The results suggest forestry sequestration is only attractive when 
high productivity and improved farm land is converted to species-specific forestry in the very high-
rainfall areas with the best soil fertility in the SW of WA. Based on these results, the most attractive 
private  investment  for  forestry  carbon  sequestration  is  the  retirement  of  the  most  productive 
agricultural  land  to  be  replaced  with  permanent  high-density  plantations  of  a  single  species,  E. 
globulus.  The  results  also  indicate  that  it  is  possible  in  particular  high  rainfall  and  productive 
farmlands to generate a higher value for sequestered carbon per unit area than the capital value of the 
property with E. globulus stands when carbon prices are above AUD25 tCO2-e
-1. 
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Comparative Scenario: The Value of Carbon Versus Stumpage 
For  comparison,  the  equivalent  carbon  price  modelling  above  was  compared  against  a  simple 
calculation of the value of “stumpage”, which is the value of the wood in the standing tree. This was 
calculated  from  the  mass  of  the  dry  wood  for  each  modelled  50  ha  tree  stand,  doubled  to 
approximate wood with a 50% moisture content [31]. It was also assumed that 70% of the wet wood 
was stumpage (Table 10). Table 10 shows the minimum equivalent wood price (per wet tonne) for 
stumpage required for the investor to recoup their total project cost for each stand. The price does not 
include the costs of harvesting, processing, or transport. The high-to-medium required minimum 
value to recoup the investment for a 15 year tree stand rotation for most of the modelled tree stands 
is an indication of why most large forestry entities almost exclusively grow E. globulus in the higher 
rainfall areas of the SW of WA. The high NPC of plantation timber verifies the current economics 
behind harvesting timber from state forest reserves. 
 
Tree stand  K11  M15.5  BR8  BG8  C7.5  S7.5 
Leaf  -  5.4  21.5  13.0  2.5  3.7 
Branch  -  7.1  59.6  18.3  3.8  2.9 
Stemwood  -  42.3  194.0  67.0  17.7  20.7 
Total (dry t ha
-1)  43.5  54.6  275.1  98.3  24.0  27.2 
Over 50 ha             
Est. wet weight (2 × dry weight)  4,350  5,460  27,510  9,830  2,400  2,720 
Est. saleable stumpage (at 70%)  3,045  3,822  19,257  6,881  1,680  1,904 
Equiv. wood price (AUD wet t
-1)             
   8% real discount rate  144.28  114.95  22.81  63.85  261.50  230.74 
   5% real interest rate  317.59  253.02  50.22  140.54  575.63  507.91 
   no discount/interest/inflation  218.72  174.25  34.58  96.79  396.43  349.79 
Table 10: Modelled total saleable stumpage yield comparison for each species or mix of species, 
based on extrapolated existing plantation growth data in high-rainfall areas, projected over a 15 year 
rotation. 
 
The market prices for harvesting, transport, processing, and the timber products vary greatly between 
years, from region to region, are dependent on the stand size, and the distance from local ports. 
Therefore, a comparison was not undertaken between the current value of each scenario forestry 
stand value for timber products, versus carbon sequestration. The volatility of carbon markets, and 
the  resulting  retirement  of  the  land  from  agricultural  production  into  permanent  sequestration 
activities adds an additional complication to such a comparison. Nonetheless, the methods used to 
determine  the  equivalent  values  in  Table  8  and  Table  10  enable  landowners  and  investors  to 22 
 
determine whether the forestry stand is more valuable in terms of carbon sequestration, or as timber 
products using market prices when they determine it is appropriate. 
 
The  results  from  these  carbon  sequestration  scenarios  are  similar  to  modelling  in  2003  by  the 
Australian Cooperative Research Centre for Greenhouse Accounting undertaken at the resolution of 
local government areas in the SW of WA. The 2003 research concluded that at a carbon price of up 
to AUD15 tCO2-e (in 2003 dollars) it was only profitable to establish E. globulus stands for both 
conventional  timber  products  and  carbon  sequestration  when  the  cost  of  the  land  lease  is  not 
included, even in high-productivity regions. The study used a 7% simple discount rate, and did not 
consider inflation or interest on borrowing. The study concluded that forestry carbon sequestration 
activities  could  not  compete  commercially  with  current  landholder  activities,  but  may  be 
complementary,  or  even  offset  potential  losses  from  establishment  costs  of  windbreaks  [29]. 
However, the competitive zone between forestry stands and conventional pastures and crops is of 
particular importance in the SW of WA. 
 
 
Discussion 
Afforestation, or reforestation benefits accumulate over years but require upfront investment [1]. 
However, leasing land to carbon or timber plantation companies may provide an option to avoid the 
high establishment and maintenance costs and diversify the risk of changes in value such as low 
market  prices,  high  transport  costs,  and  buyer  preferences  that  may  occur  since  the  stand  was 
established. As is the case with existing forestry timber options, individual agriculturalists will have 
to make the choice between the value of the lands current use, and forestry sequestration options 
[27]. In terms of forestry-based sequestration, the agriculturalist will need to consider the capital 
value of the land, as the carbon in the future biomass may be sold upfront, restricting further land 
use,  and  there  is  likely  to  be  changes  to  the  land  title  indicating  a  permanent  forestry  stand. 
Additionally, the landowner will be unlikely to wholly own the carbon in the stand, as this “carbon 
right” would be contractually sold to receive payment for sequestration. Therefore, the land may be 
in permanent retirement from agricultural production, unless the landowner is able to purchase back 
equivalent carbon rights. The extent to which re-purchasing carbon rights and then harvesting the 
forestry sequestration stand in the SW of WA, will be dependent on the relative values of the land, 
the price of timber products, the value of alternative production systems, and the market price of 
carbon.  
 
Both  agriculturalists  and  policymakers  should  be  aware  of  the  potential  complexity  of  high-
productivity  land  being  used  to  sequester  carbon  in  unharvested  forest  stands.  There  may  be 
significant future implications for climate change mitigation and adaptation, including water, energy, 
and food security issues. The assessment of the duel-use of forestry stands to sequester carbon and 23 
 
provide fuel for energy production is outside the scope of this work. However, on a local scale these 
analyses  also  raise  questions  regarding  the  source  and  sustainability  of  bioenergy  resources  for 
electricity and also wood fuels for heating in the SW of WA. The equivalent wood price calculated 
in Table 10 shows for most species projections and most NPC scenarios, the cost of planting tree 
stands for timber is higher than the general market price for harvested, split, and air-dry wood in the 
SW of WA. This suggests that even the current fuel wood supply is not wholly sourced from actively 
planted forest stands, and is supplemented to an extent from remnant forest stands in agricultural 
regions. 
 
Aside from private financial benefits to landowners, properly designed and implemented forestry 
mitigation  options  can  generate  substantial  co-benefits  for  employment,  income  generation 
opportunities (such as timber and fibre), biodiversity, watershed conservation, as well as aesthetic 
and recreational services [1]. However, impacts from the implementation of policies to make forestry 
carbon sequestration more attractive may also increase land rents, local food and feed prices, and 
possibly reduce water availability in some regions. The magnitude of these potential impacts will 
depend  heavily  on  the  tree  species  choice,  and  the  climatic  characteristics  of  the  region  [2]. 
Depending on the carbon value, large forestry sequestration programmes may have a major impact 
on local timber markets, as forest stand owners may withhold timber to obtain payments from carbon 
markets [32].  
 
 
Conclusion 
This research demonstrated that none of simulations of forestry biosequestration scenarios using 
native  tree  species  in  high  rainfall  areas  resulted  in  cost-effective  market  adaptation  or  market 
mitigation opportunities, relative to existing agricultural production systems. In addition, the viability 
of the  forestry projects  were  heavily dependent on a range of cost assumptions, and  the future 
development of new policies and markets that value carbon sequestration. All of the options required 
incentives or regulation to reduce barriers and to encourage private entities. Without an implicit or 
real market signal to incorporate mitigation into farm activities, agriculturalists are left with only 
adaptation strategies. If incentives are developed to reduce private costs to agriculturalists, a greater 
uptake of mitigation activities will likely occur. In addition to penalising the production of negative 
externalities from farm operations, policymakers have the opportunity to incentivise the generation 
of positive externalities from the agricultural sector. In theory, this will prevent agriculturalists that 
choose  to  voluntarily  internalise  the  costs  of  negative  externalities  being  at  a  competitive 
disadvantage to agriculturalists that pursue profit maximisation.  
 
Crucially,  climate  change  mitigation  policy  development  must  pre-emptively  prevent  perverse 
outcomes such as the retirement of the most productive agricultural regions in the SW of WA into 
permanent plantations of single-species, unharvested, non-native trees. The stability of government 24 
 
policy, the opportunity cost of alternative practices, and the administrative burden and investment 
required  for  new  production  systems  should  be  a  prime  concern  of  further  research  and  policy 
endeavours. Leadership from governments, scientists, and innovative citizens and businesses will be 
required  to  both  harness  and  guide  the  biological  capability  of  agricultural  regions  to  sustain 
production and provide both private and public benefits from appropriate climate change mitigation 
and adaptation  [33]. This  will require active collaboration between researchers, agriculturalists, 
scientists, industry, and governments to indentify technological and policy options that are the most 
promising over the long-term [34]. Balancing needs of regional productive industries and ecosystems 
requires  multifunctional  agricultural  land  use  incorporating  landscapes  that  can  deliver  food, 
employment,  security,  innovation,  all  in  a  sustained  manner  [35].  These  changes  will  require 
significant innovation in research, policy development, investment, regulation, and market reform.  25 
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